Introduction
The performance analysis of firms or business sectors naturally leads to productivity and efficiency measures [1, 2, 3] . These productivity measures allow determining the different efficiency gain sources for the firm, and, more precisely, what is the optimal production scale and what are the best management methods and organizations of production networks.
Two methods are mainly used to measure efficiency: Stochastic Frontier Analysis (SFA) and Data Envelopment Analysis (DEA). SFA was first introduced by Aigner et al. [4] and Meeusen and Van den Broeck [5] . It consists in estimating a parametric frontier econometric model. The DEA seminal article was published by Charnes et al. [6] in 1978. DEA is a nonparametric method implemented to measure the productive efficiency of Decision Making Units (DMUs). Its main advantage over SFA is that it does not require any parametric assumption on the production frontier. The envelope of the observed DMUs' input and output levels is calculated by linear programming and can be considered as a best-practice frontier. By measuring the distance between a firm and the efficient frontier, one can then calculate the DMU's efficiency. Today, many different DEA models (two-stage DEA, input/output oriented DEA, etc.) are used in the literature and additional statistical inference methods can strengthen results validity [7] .
In Operational Research in Economics and in Management Science, the number of publications using the DEA method remarkably increased since the very first article.
To illustrate, Gattoufi et al. [8] identify 490 journals having published at least one paper in the field. Emrouznejad et al. [9] register more than 7,000 works and 2,500 authors Until recently, the main economic sectors applying DEA were mostly the banking industry, education, health care and communication [11] . By way of illustration, the transport sector was never mentioned as a potential application field according to Seiford [12] . The sole transport sector publication cited in this 1978-1995 state-of-theart is the work from Sexton et al. [13] on pupil transportation funding published in 1994.
Moreover, the word "transport" never appears in the keywords list established from the most popular publications between 1978 and 2006 by Emrouznejad et al. [9] . Gattoufi et al. [8] are the first to identify the transport sector as a full division of the taxonomy of the application areas for the DEA method. However transportation appeared very recently as the fourth DEA application field according to Liu et al [11] who state that 53% of the referred articles were published during the period 2005-2009. As for research work on productivity analysis in the transport sector, Oum et al. [14] do not even cite DEA in their 1992 paper while thirteen years later, DEA is considered as a well-established quantitative method to measure efficiency in transport on the same terms as cost functions estimation or total factor productivity analysis [15] . In more recent surveys, DEA in the transport sector appears considered as having the same academic recognition as the traditional econometric methods when applied to transit [16, 17] , airports [18, 19] , highways [20] or railways networks [21] . The DEA method not only allows the analysis of economies of scale and economies of scope [22] . It also permits to measure the magnitude of technological change, to guide management decisions such as prices setting, vehicle size choice investment, etc.
Moreover, it represents a useful tool for policy makers to set market rules such as deregulation levels or optimal market size. The DEA framework also provides comparisons between firms, networks, geographical areas, or countries.
Adolphson et al. [23] can be considered as the first publication applying DEA to the transport sector. Since then, the yearly number of publications increased at a fast rate.
Markovits-Somogyi [24] published a far from comprehensive literature review on the DEA method applied to the transport industry. This state-of-the-art shows that DEA is widely applied for the evaluation of transport activities and provides some methodological conclusions about the use of DEA in this field. However, this survey turns out to be incomplete since it registers only 32% of the articles present in our database over the same period of time.
In this paper, we intend to deliver a first comprehensive list of references of twentyeight years of research in the field (1989-2016) and a bibliometric analysis. We summarized information on the scope, models and results of the 35 most cited articles according to the transport mode. Moreover, we provide an analysis of the various DEA methods that are implemented for a sample of articles published in 2014 and focused on airports and ports efficiency specifically. We also analyze the inputs/outputs used and their underlying production models. Our goal, here, is to deliver an original contribution which analyzes the transport sectors which are studied and to determine academic research trends and directions which should be investigated by future analyses.
The article is organized as follows. Section two presents our methodology. Section three analyzes, on a univariate basis, the different variables characterizing the publication flow such as the number of publications, the journals, the authors, the geographical areas that are studied, the citations and the analyzed transport modes.
In section four, a multiple correspondence analysis (MCA) is presented for a better understanding of the link between the previous variables. Section five summarizes the main results of the in-depth analysis of the ports and airports industry in 2014 and Section six gathers our concluding remarks.
Methodology
The following bibliographic analysis is based on articles published in academic refereed journals in English. We considered that the most widely spread and, consequently influential work, is written in English. This is why we excluded papers published in other languages though it may be possible to find significant contributions among them. We first listed all published articles with keywords related to DEA applied to transport economics using Scopus database, Google Scholar and Econlit. We used keywords such as DEA, Data Envelopment Analysis, efficiency, performance, productivity combined with keywords related with transport such as Transport, Transportation, Transport system, Air transport, Airport, Airline, Port, Seaport, Maritime, Bus, Transit, Urban transport, Road, Road haulage, Railroad, Railway. We then conducted a thorough analysis of the references quoted in each article. This provided a first articles database and a list of journals. Each of these journals summaries was then scanned to collect additional articles. In order to gather all significant contributions to the domain under study, we considered some chapters from handbooks and conference proceedings and we did not exclude meta-analyses and surveys. We aimed at obtaining a comprehensive list. However, we may have left aside a few uncited papers. We focused on articles that use the DEA method and its refinements (NDEA, Super Efficiency DEA, bootstrap analysis, etc.) applied to the transportation fields (air, maritime, rail, road, transit and transports policy). The references research was conducted from April 2012 to November 2016.
For each paper, we registered the journal, the authors' names, the number of authors, the authors' institutions, the publication year, the transport "mode" (air, maritime, rail, road, transit or transport policy), the transport mode sub-categories (airlines, airports, ports, railway networks, railway companies, haulage companies, transport demand management (TDM 2 ), shipping companies, mass-transit networks), data regional area, data countries, number of intra-database citations.
We first analyzed each variable independently and then conducted a Multiple Correspondence Analysis (MCA) to study the multidimensional links between these variables and determine homogenous groups mainly based on transportation modes.
Monovariate Analysis

Number of publications
Overall, we identified 461 articles published between 1989 and 2016 3 . The average number amounts to 16.5 articles per year over the twenty-eight years. The highest number of annual publications is registered in 2016 (54 articles) as shown in Fig. 1. 2 TDM or transport policy are not actual transport modes but research fields that could not be classified among the other transport mode categories. 3 A file listing the 461 references is available at https://www.dropbox.com/s/shd7pd61j81zbsf/Appendix%20references%20database.pdf?dl=0. Following Gattoufi et al. [25] work on DEA general literature, we estimated an exponential trend for the annual number of publications in our field 4 . The resulting curve is shown in Fig. 1 . In the transport sector, the average annual growth rate amounts to 18.5%. This result can be compared to that of Gattoufi et al. [25] who estimated an annual growth rate of 25.5% for the general DEA literature between 1981 and 2000. While globally decreasing, the coefficient of variation indicates that the annual number of publications still varies widely between two consecutive years. For instance, in 2010, the number of publications is almost twice as much as that of 2011.
Journals
The articles taken into account between 1989 and 2016 involve 127 different academic journals, 2 handbook chapters and one article is extracted from conference proceedings. According to Sarafoglou [26] , an influential paper should be included in a bibliographic analysis regardless of media type. This is why we considered two chapters of a handbook and one conference paper which are both heavily cited. The striking fact is the high concentration level of publications in a limited number of journals (as illustrated in Fig. 3) as Emrouznejad et al. [9] and Gattoufi et al. [25] observed in general DEA literature. Indeed, we find that more than 1 publication out of Most of the 23 journals that published at least 5 articles using the DEA method in the transport sector are general transportation research academic journals as shown in [10] . Also note that two transportation journals belong to this recent ranking (TRA and TRE are ranked 17th
and 20th), which shows to which extent the DEA method tends to be influential in the transport sector. Following the recommendation of Sarafoglou [26] , we distinguish between DEA research issued by Operational Research journals and by Economics journals. In our database, more than one third of the journals is Econlit listed. This result shows that transport economics tend to be more than a mere application sector for DEA and that transport economics questions are analyzed through DEA applications. 5 The Journal Impact Factor is a product of Thomson ISI (Institute for Scientific Information). The impact factor for a journal is calculated based on a three-year period, and simply is the average number of times published papers are cited up to two years after publication. For example, the impact factor 2015 for a journal would be calculated as follows: A = the number of times articles published in 2013-2014 were cited in indexed journals during 2013 B = the number of articles, journals, proceedings or notes published in 2013-2014 impact factor 2015 = A/B. 6 The SCImago Journal & Country Rank is a scientific indicator developed from the information contained in the Scopus® database. It produces an indicator of the scientific influence of scholarly journals that accounts for both the number of citations received by a journal and the importance or prestige of the journals where such citations come from.
Table 1
Journals having published at least 5 articles using DEA in transport analysis (1989-2016). by three authors and 16.5% by four or more authors. These results are comparable to the findings put forward by Emrouznejad et al. [9] .
Authors
The degree of collaboration can be measured using Subramanyam's [27] formula 7 .
When applied to the three publication periods, it evidences the growing number of authors per article: we obtain 68% from 1989 to 1998, 71.7% from 1999 to 2007 and 82.5% from 2008 to 2016. The degree of collaboration in this research field constantly increases.
7 Subramanyam [26] computes the following collaboration index:
is the number of multiple-authored papers published during a given period of time and is the number of single-authored publications during the same period. It thus clearly appears that the production of transportation literature using the DEA method is highly dependent on a few authors and consequently on their publication pace. Added to the fast growing number of publications and paralleling Emrouznejad et al. [9] , this result leads to consider that the DEA method applied to the transport First of all, this concentration can be explained by the fact that the major part of the most productive authors in our database are mainly specialized in transport (more precisely, 6 out of the 10 most productive authors are rather specialized in transport economics, transport engineering or transportation science). As already seen for academic journals, the development of the DEA method in the transport sector somewhat suffers from its natural sectorial centering and from the relative lack of interest on the part of DEA specialists (set apart from a few authors who have deeply invested in the field such as Darold T. Barnum, Carlos P. Barros, Kristiaan Kerstens, Rui C. Marques, Nicolas Peypoch or Carl A. Scheraga).
Table 2
Authors involved in at least 5 articles using DEA in transport analysis As shown in table 2, 55% of the 20 most productive authors depend from European research institutions. Surprisingly, North American research institutions are only represented by one author and Asian institutions by five authors.
Geographical areas
Confirming the previous result, one can note that some geographical areas are overrepresented among the data as illustrated in Fig. 4 . The geographical analysis reveals that the most frequent region is Europe which is concerned by one third of the 447 located articles 8 . Asia (27.1%) comes next with a strong domination of North-Eastern countries such as China, Japan and South-Korea, followed by North and South- 8 Note that among the analyzed articles, 3 are meta-analyses based on other articles, 1 is a survey and 10 rely on numerical simulations. Hence 447 articles use located data, 18.4% of which focus on worldwide data (at least two different regional areas). 
Current institution
America (19% of all articles) with a strong prevalence of data from North-America (13.4%). On a country by country basis, the bibliography shows that most articles using DEA in transport analysis between 1989 and 2016 are mainly concerned with US data (17.4% in our database) as shown in Emrouznejad, et al. [9] . Overall, more than half of the 447 articles deal with data coming from only 10 countries. These latter represent 72.9% of all country located papers: USA (55 articles), China (35), Spain (30), Taiwan (25) , Italy (21), Norway (15), Brazil (14) , India (13), UK (13) and Greece (10). This geographical concentration drives us to consider whether the analyzed data depend on the authors' institutions location or not. To further analyze this link, we restricted our data base to 296 articles (64% of the data base). We excluded surveys, meta-analyses, numerical simulations and all papers studying 4 different regional areas or more. These 296 articles involve 486 different authors (which represent about 69% of the authors) and data from 40 different countries. As expected, the data show a strong positive correlation between data location and institutions location (ρ=0.9678, see Table 3 ). The τ Kendall rank correlation coefficient confirms this result. The H0 assumption that data location and institutions location are independent is strongly rejected (p<10 -3 ). The correlation coefficient is 0.8693 when computed for the 99 articles resulting from the most productive authors (those having published more than 5 articles during the concerned period). This result suggests that more productive authors use more foreign data than others.
Table 3
Dependence test between author's current institution location and data location To conclude, in the DEA applied to transport economics field, authors mainly publish work using data from their own institution area. It suggests that research in this field may result more from opportunistic behavior due to data availability than from a rational answer to real political analysis questions.
Moreover, since only less than 20% of the studies concern worldwide data, it suggests that data unavailability at a worldwide level may prevent authors from conducting such more general comparative studies. International databases should be further developed so as to obtain homogenous data measuring inputs and outputs in the transport sector.
All articles with located data Articles with located data from most productive authors 
Articles impact
The citations analysis provides a general overview of the most influential works in the research field. We first focus on intra-base citations (461 articles) and we exclude self-citations as advised by Sarafoglou [26] who states that self-citations bias citations indexing.
The overall average number of citations per article reaches 7.19. 29% of the articles are not even cited once but 80% of these articles were published during the last four years of the time period. When excluding these recent articles (2013-2016), there is a 9% probability of not being cited for an article of the database. Moreover, when restraining the sample to articles which are cited at least once, the average citation number per paper is 10.13. Note that the number of publications emanating from transport specialists using DEA is greater than that of DEA specialists applying the method to the transport sector.
Table 4
Most cited articles using DEA in transport analysis (1989-2016) Table 4 presents the most cited articles in the database sorted by their citation density 9 . One should note that the top six most cited papers are quoted in more than 15% of the subsequent articles. More remarkably, Tongzon [28] Gillen and Lall [29] are cited by more than one article out of 5 and Roll and Hayuth [30] , Martínez-Budria et al. [31] , Cullinane et al. [32] and Sarkis [33] display a citation density greater than 0.15. On average, these most quoted articles are cited 5 times more in the general research literature according to Google Scholar. Therefore, we may consider these six articles written during the first half of the analyzed period of time as seminal papers in their fields. Moreover, one should note that 4 of these 6 articles focus on maritime transport, and more precisely on ports, and that 2 of these deal with air transport, and more precisely on airports.
9 Citations per year are obtained by dividing the number of citations by the number of years between the year following publication and 2016. Citation density is computed using the number of citations divided by the number of articles in the database published between the year after publication and 2016. For instance, Tongzon [28] obtains a citation density of 0.225 which means that 22.5% of the articles published between 2002 and 2016 have cited this reference. from the need to assess the actual impact of recent market deregulation policies and from the DEA ability to answer such questions.
Articles Citations Citations per year Citation density
We also find that the number of articles focused on public transport companies in our database amounts to 18.6%. Less than one tenth of the articles analyzes railways transports (8.4%). Among these papers, more than seven out of ten focus on Railways companies' efficiency. These articles are mainly based on European data and probably a consequence of ongoing market deregulation. Reviews. 10 Detailed MCA results (coordinates, contributions…) are available from the authors upon request. Group number five (upper right corner of the graph, entitled "Safety and Policy") is also typically defined by its topics: Safety and Transport Sector Policy. There is no specific modality associated to these articles except the journals in which they are more often published: Accident Analysis and Prevention, Procedia -Social and Behavioral Sciences and Transportation Research part D. However, according to the MCA interpretation rules, these rather extreme points can still be characterized by the closest modalities located out of the group and more specifically that of the "Recent Articles" group. They are among the most recent publications, with a low citation rate, a greater number of authors and more data coming from Asia and Other Areas.
Eventually, one point can be singled out. The transport mode "Systems" is located rather far from the other points: It is less strongly related to other characteristics and cannot be specifically characterized as belonging to a group. Additionally, the first axis can be interpreted as a temporal gradient. The oldest articles (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) This first axis clearly reveals that the first regions which were studied by DEA applied to the transport sector were mainly North-America, followed by West Europe during the intermediate period. The last period articles have a broader focus since Asia and other regions (such as Africa or Middle-East) are studied. This result confirms a general trend in research which often starts in the US before extending to Europe, then to other continents. The intermediate period is characterized by the most highly cited articles (>0.1 and >0.3) while those who are not cited mainly belong to the more recent articles group (though the citation density is an index corrected from the publication date). One can also note that the oldest papers in the database more frequently result from one sole author while the more recent ones more often result from a team work (three authors or more).
Table 5
Publication periods from 1989 to 2016 and their main characteristics.
Sample analysis of models and methods
The previous results are mainly bibliometric ones and can be completed by more indepth analyses. For example, the DEA methods and the additional models that are implemented, the production functions (input/output), the returns to scale assumptions, the environmental variables and obviously the results, could be investigated. However, due to the size of our database, we decided to focus our analysis on specific samples.
Firstly we provide, in appendix 1, five tables presenting the detailed main characteristics in terms of scope, methods and results for the mostly cited papers referred to in section 3.5 (see lists in table 6 to 10 hereafter). This appendix offers a detailed survey of the reference articles for each transport mode and subcategories. Table 6 10 most cited articles dealing with DEA applied to ports efficiency Table 7 10 most cited articles dealing with DEA applied to airports efficiency Table 9 10 most cited articles dealing with DEA applied to transit efficiency Table 11 Main results of port and airport sectors analysis.
Five journals represented 73% of all these papers (16 out of 22): 6 in the JATM, 3
in TRA, 3 in PSBS, 2 in IJTE and 2 in TP.
The number of DMUs, inputs and outputs were far from obeying the rules which state that the number of DMUs should be greater or equal to twice the product of the number of inputs and the number of outputs [78] or that the number of DMUs should be at least three times the number of inputs and outputs together [79] . Indeed, only 7 papers obey to both rules over a given year of data. It is not utterly surprising if one considers that compliance with these rules is not imperative but rather allows for better credibility of the results. Indeed as stated by Cook et al. [80] , when the number of DMUs is too low, a specific DEA model may be used to avoid a systematic efficiency of all DMUs. However, when the number of DMUs takes into account the number of years of data, only less than a quarter of the papers does not abide to the rules. But assuming that different observations over time for the same DMU are different DMUs comes down to denying technological progress. This assumption may be true over a short period of time but not in the long run.
More than half of the papers (54%) implemented CCR or BCC models (12 out of 22 Most models used a VRS formalization (10) The DEA models were more often input-oriented (45%) than output-oriented (36%).
One paper was using the graph orientation and four were not really clear about the orientation but used slacks in both input and output directions. This result is quite surprising since it shows that the debate on which orientation should be chosen is still running. Must a transport facility be considered as having fixed inputs (or quasi-fixed inputs) and maximizing outputs or is it a DMU which minimizes inputs for a given demand level from transport companies?
This naturally leads to the input and output variables which were used in the analyses to model production. On average, 4.2 inputs are used to produce 2.9 outputs (respectively 4.1 and 4.3 inputs to produce 2.7 and 3 outputs in airport and port production models). Most studies did not take into account the intermediate Moreover, we must add that three studies focused on bad externalities such as delays (2), noise (1) and air pollution (2) . The transports sector has always been characterized by an economic theory of externalities. It is thus surprising that only a few articles deal with this topic. More papers should take these variables into account (either bad or good externalities). This should be one of the main focuses of DEA applied to the transport sector.
Overall, the results of these studies are quite contradictory. There is no clear result concerning returns to scale. This may stem from the differences in orientation or in returns to scale assumptions.
However, though we did not perform any statistical analysis due to our sample size, a few results appear frequently enough to be noted. International and private infrastructures tend to be more efficient. Aircraft size (independent from airport) and Low Cost Carriers increase efficiency. Economic growth appears twice as a factor to efficiency which suggests that airports efficiency strongly depends on demand.
Moreover, externalities such as pollution seem to have an impact on the efficiency level. This last result tends to show that bad outputs should be included in the first stage DEA and not only in the second stage analysis.
Concluding remarks
The transport sector represents an annual volume of academic production relatively limited among fields of applied research using DEA. This sector represents less than 5% of all articles published annually dealing with the DEA method in general. However today, it appears that a dynamic is launched since almost 40 articles per year have been published during the 2008-2016 period. But the necessary distance is still too reduced to conclude that transportation research using DEA method has entered its mature phase.
One should also note that literature in DEA applied to the transport sector relies on a small number of authors and journals. A quarter of the authors represents more than 60% of all articles and 40% of the journals account for more than 80% of all publications. As for the analyzed geographic areas, more than one article out of 2 focuses on North-America or Europe. In all, one could deduce that transport and DEA literature is particularly concentrated and results from the work of a limited academic research network. The observed concentration may stem from data availability. The development of worldwide detailed and standardized databases could allow more authors to conduct more worldwide studies in the field. This could lead to a more general use of DEA applied to the transport sector and help research in this field to definitely reach its mature phase. Moreover the variability of the annual number of articles suggests that the number of researchers in this field is still too restraint to provide a stable publication flow.
The multivariate analysis reveals that the first use of DEA in the transport sector was initiated by a few authors with studies on efficiency of firms and networks in developed countries. This may result from the general deregulation policies implementing the contestable market theory [81] . These policies started to be applied in the transport industry during the 80's, mainly in the airways, railways and mass transit sectors and more specifically in North-America and Western Europe. Today, the articles in the field are written by larger research teams and focus more on global analyses of emerging geographical areas. This probably results from these countries need to improve the efficiency of their ports which represents a key access to worldwide markets.
One should also note that the haulage industry and the transport demand management sector are only studied by a few papers though they should represent an interesting application field. More specifically, the question of urban transport congestion should be analyzed using specific input congestion DEA models [82, 83, 84] .
This raises the question of the different DEA methods that can be used to analyze transport production. As showed in section five, an analysis of the different production models and DEA methods and their results by transportation mode would be an important additional output for researchers. In this paper, this analysis was restricted to a small sample since it requires a different article for each transportation mode.
However, we intend to conduct this study for the most important transportation industries in our future research. Nonetheless, the present paper provides a sound and comprehensive database to conduct such studies.
In all, the transport sector represents a great opportunity of implementation of DEA new developments such as bootstrap methods, externalities analysis, etc [85] .
